Actin filament rotation in skeletal muscle is studied by a mechanical model that simulates structure and tension. The four anchoring Z-filaments are twisted around and change the structure of the Z-lattice. The "small square" without twist represents the resting stage of muscle. Torque causes contraction by clockwise rotation (as seen from the Z-band), drilling into the A-band and transition of the "small square" to "basket weave" by increasing the twist and decreasing the torque. Release decreases the torque ("forcedepression") by passive clockwise rotation. Stretch causes increased torque ("stretch activation") by passive counterclockwise rotation. Torque arises during Ca 2؉ -activation by a conformational change in the highly charged coiled-coils: The four ␣-actinin Z-filaments generate strong torque for the isometric tension. Quick release experiments show that less than one rotation reduces this torque to zero. The 5-12 rotations necessary for isotonic shortening result from torque-generation in the two long tropomyosin coiled-coils.
The conventional theory of muscle contraction supposes the essential activity (the "power strokes") and the main elasticity (the "series elastic component") in the myosin cross-bridges (1) (2) (3) (4) (5) . The reasons are discussed later in this paper. Considerable arguments against that model have been put foreward (e.g., 6 -10) . The importance of the actin filaments and the Z-bands for the origin of muscle force was largely underestimated. An alternative model explaines muscle contraction on the basis of actin filament rotations (8, (11) (12) (13) (14) . These rotations have been repeatedly considered (15) (16) (17) (18) (19) and were demonstrated by in vitro experiments on myosin-covered glass-surfaces (20, 21) . Recently, actin filament rotation in muscle was discussed in this journal (22) in comparison with other biological rotors.
A MECHANICAL HELIX-MODEL SIMULATES THE BEHAVIOR OF MUSCLE FILAMENTS
The abstract imagination does not comprehend the intricate mechanical behavior of the Z-filaments. A helpful model is shown in Fig. 1 . A drill as a steep right-handed double helix like the actin filament, is connected with 4 rubber ropes (Z-filaments) that stick in holes of a plastic disk. Turning the single ropes in the holes (small arrows) results in twisted Z-filaments. An adhesive tape is fixed at the helix end in order to recognize the rotations. A bent wire with a handle for holding (S) is used as a nut-coil for the helix. The nut-coil substitutes the cross-bridges of muscle. The helix rotates passively in counterclockwise direction (as seen from the Z-disk) when it is drawn out of the nut-coil by holding at the handle and at the plastic disk. The 4 Z-filaments (stage A of Fig. 2 ) untwist and then twist in counterclockwise direction (large arrow from stage A to G). Torque increases in the Z-filaments during the stretch. When then released, the helix drills back under clockwise rotation and the Z-filaments unwind and wind up again (large arrow from stage G to A). So one can feel the increased tension of a stretch and its decline during release. This conforms to an activated muscle that is stretched and shortens back to its original length, when the stretch is over (23) .
THE VARIABLE TWIST CHANGES THE Z-LATTICE
In the electron microscope the Z-lattice of skeletal muscle shows three different patterns when observed in axial direction: The "small square" (SS), the "basket weave" (BW), and the "diagonal square" (DS). The transition from SS to BW during muscle contraction was at first described by Landon (24) and discussed as a function of sarcomere length (25) . The SS appears always in resting muscle, the BW during tetanic contraction (19, 26, 27 ). The 4 cross-arms of the model become bent when the helix is shifted to the plastic disk (as shown in Fig. 2 by the middle panel of stage D), and the typical swastica shape of SS and BW appears (middle panel). The cross-arms are longest in stage D and become shorter and straighter with increasing twist. This is exactly what we see in the Z-lattice transition (right panel) obtained by computer simulation (18) . Muscle contraction by active clockwise rotation of the actin filaments and drilling into the A-band leads from the resting stage D to C, B, or A, and changes the pattern from SS to BW or DS. The stimulation may take place also in stage E or F, if the muscle has been stretched before. This increases the contraction amplitude and force. Inotropic effects, e.g., of the heart muscle (28) , may depend on small alterations of the initial stage.
The clockwise and counterclockwise twist of neighboring axial filaments in the SS and BW patterns (15) appears as the result of counterrotation of the two axial filament sets of neighboring sarcomeres (8, 14) . In con- trast to the hexagonal arrangement in the I-band, the tetragonal Z-pattern is the arrangement without mutual friction of the counterrotating axial filaments (29, 30 ).
STRETCH AND RELEASE EXPERIMENTS
As described by the model, the actin helices are drawn out of the cross-bridges during the stretch of an activated muscle and increase the torque by their passive counterclockwise rotation (31) . This means for a stretch experiment (Fig. 3 ) that the tension level of T 2 is higher than T 0 ("stretch activation"), because after the elastic phase 1, the friction-retarded counterclockwise rotation of the thin filaments (phase 2) needs some time to attain the higher torque of T 2 . Release experiments show a decreased level of T 2 as compared with T 0 ("force depression"), because the clockwise rotation in phase 2 decreases the torque.
The model allows two full rotations at most. Accordingly, length (30 -40 nm) and diameter (2-4 nm) of the ␣-actinin Z-filaments (32, 33) stop the axial filament rotation in stage A and G, although torque can remain in the single Z-filaments. This explains the "limited extent of pull out" when isometric force is applied during rapid shortening (34, 35) .
The amount of passive counterclockwise rotation during the stretch of a nonactivated muscle is subject to the resistance of the interfilamental liquid, since the cross-bridges are not "on." The initial stage of a prestretched muscle should depend on the time difference between stretch and activation, because the Z-filaments tend to return slowly to the resting stage by elastic and thermodynamic forces. This may account for the negative results (19) to find the BW pattern in the passive stretch experiments.
TRANSIENT FORCE DECLINE
The helix passes the distance W (indicated in stage D of Fig. 2) from stage A or G to D during Z-filament twisting or untwisting. That motion is the consequence of the axial filament spacing in muscle and depends on the angle ␤ indicated in D. There is nearly no motion of the model helix when ␤ is zero. During contraction and release W is passed from G to D (that is the same direction as the actin filaments move), and in opposite direction from D to A. During stretch W is passed in opposite direction from A to D, and in the same direction from D to G. Thus, there is a region of compensation of the tensile stress forces between A and D and a region of force addition between D and G. Accordingly, a transient minimum of force results when a shortening muscle is restretched (36, 37) , e.g., from A to D, because the distance W is released. The effect is more spectacular in the "region of addition," and explains "latency relaxation" (38) , when a prestretched muscle is activated e.g. in F and contracts to D.
Z-SPACING, COMPLIANCE, AND STIFFNESS
The structural effect of stretch or contraction is also shown in Fig. 4 by a model of a simplified Z-band (2 Z-filaments only). Note in Fig. 4b the smaller Z-band, the decreased filamentary spacing, and the increased angle ␤. The length decrease of the Z-filaments during transition from SS to BW was calculated as about 25% (26) . Z-spacing may increase (27) or G, when the helix rotation is prevented. This accords with the increased stiffness (reciprocal compliance) during isometric contraction (41) in D, as compared with contraction under zero load in A.
The different bracing of the two stages shown in Fig.  4 may contribute to the decreased transverse stiffness, while the longitudinal increases (42, 43) , when a muscle is activated.
THE MOLECULAR BASIS OF THE FILAMENT ROTATION
Oplatka (22) believes that helical protein filaments operate like water turbines. The author suggested torque generation by a conformational change of the highly charged ␣-helical coiled-coils when the negative side-chains are discharged by cation addition (12, 44 -46) . The helical twist change was demonstrated at a molecule model of tropomyosin (13, 47) . Ion-dependent conformational changes of tropomyosin dimers in Bailey crystals were described by electron microscopy (48 -50) . The residues per turn of an ␣-helix vary between 3.67 and 3.60 together with the H-bond length (51-53). Coiled-coil ␣-helices of 1 m length can generate about 36 rotations on this presupposition. I would like to define the number of possible rotations of a coiled-coil as its torque capacity (tropomyosin in the thin filaments, length 1 m: about 36; ␣-actinin Z-filaments, length about 35 nm: Ͻ2; myosin tails, length 134 nm: 5).
TORQUE IN MYOSIN SUBFILAMENTS
The "folding" of myosin tails (54 -56) is probably a torque-dependent "supercoiling" of the tails (45) , as it is shown, e.g., by rotating actin filaments (20) . There are many indications for a myosin subfilament rotation, particulary in the literature on smooth muscle. A winding/unwinding mechanism on contacting actin filaments, that are simultaneously turned, has been suggested (14, 44, 45) in place of the "power strokes." An ATP bridge may be torn during unwinding in clockwise direction and reestablished by winding up in counterclockwise direction during stretch (22, 57) . This mechanism may account for the Fenn effect since ATPsplitting is "minimal in the isometric condition and increases nearly in proportion to the distance of fiber shortening" (58) . Also phosphocreatine splitting during isotonic contraction is 2-3 times higher than during isometric contraction (59) . It seems that "rotational catalysis" is common on rotating filaments. For example, aldolase forms cross-bridges between actin filaments in the I-band (quoted in 60).
Different velocities of isometric force responses after length changes in skeletal muscle depend on different myosin isoforms (61) . This means that myosin controlls the velocity of active and passive filament rotations. Thus, the myosin torque may be used in muscle not as the motive power, but for a controlled retardation of the actin filament rotation, perhaps similar as the variable pressure of a brake retards a wheel. This should absolutely be connected with the production of frictional heat. Unexplained heat production (62) and "unexplained enthalphy" is proportional to the degree of overlap in isometric shortening (63) . Most frictional heat should appear when under isometric condition the cross-bridges slip against the rotating thin filaments and snap from one helical groove into the next. Their passive tilting (64, 65) indicated in X-ray diagrams, was misinterpreted as "power strokes." Slipping and tilting cross-bridges may be expected, e.g., on a fast stretch and in long sarcomeres with reduced overlap under isometric condition. Stepwise motion may also result when the cross-bridges slip from cleft to cleft between the actin monomeres. The factor "friction" should appear in Hills equation as the constant a (66).
TORQUE IN ␣-ACTININ AND TROPOMYOSIN
The rotational force of myosin for the actin filament motion of in vitro experiments is obviously replaced in muscles by the torque of ␣-actinin and tropomyosin. This accords with the arrangement of sarcoplasmatic reticulum and T-tubules near Z-line and I-band, to obtain the shortest diffusion time for the released Ca 2ϩ -ions. Moreover, Ca 2ϩ -concentration and ionic strength determine the isometric force (67, 68) . Podolsky (69, 68) showed by most informative release experiments that the muscle fibres shorten at first by "quick displacement" (reducing the isometric force within 2 ms), and then slower with constant velocity, while the reduced force remains constant. Data for the quick release shortening of mammalian fibres are between 35 and 65 nm per half sarcomere (70) . 1 This means 0.5-1.0 rotation when the actin helix pitch is 72 nm. Indeed the torque capacity of the short ␣-actinin Z-filaments is less than 1 rotation per thin filament. However, since 4 Z-filaments work together, they can produce very strong active or passive torque fo the isometric tension. Thus, they are not untwisted by the weaker torque of the 2 tropomyosin coiled-coils, when they remain in stage C, B, or A, while the sarcomere can shorten by the rotation of the actin filaments in the A-band. The classical two-component model of active muscle differenciated a "series elastic component," infered by quick release experiments, and a "contractile component" (2) . At first A. Huxley and Simmons (71) and later Podolsky considered that "some of the quick displacement is due to a change in strain of a passive structure within the sarcomere, the Z-line, for example" (68) . But they supposed the "series elastic component" in the crossbridges (3, 5) , because (1) the tension curve T 2 "deviates grossly from a straight line" (that would be expected by simple elasticity), and (2) in experiments with fibres stretched to different length, "the tension curves scaled down in direct proportion to the amount of overlap" (2) . However, (1) the thin filaments do not obey Hooke's law, since their length change results by torsional rotations of the Z-filaments. (2) The slender cross-bridges are no iron nut-coils for the actin helices. Their reduced number in the reduced overlap may not hold the full torque of the thin filaments under isometric condition. They can slip, and the thin filaments can rotate without translation and reduce their torque as long as it is equilibrated by the resisting force of the reduced number of cross-bridges. So the decline of isometric tension above 2.0 m sarcomere length in the length-tension relation (72) is not the consequence of a reduced number of "force generators" with invariable strong force, but the effect of a reduced torque in the thin filaments that results by the decreased number of cross-bridges.
The steady velocity of isotonic shortening that increases according to Hills equation with decreasing load (slow velocity in stage D, V max in A), may depend on the torque of the 2 long tropomyosin coiled-coils with their high torque capacity (36 rotations). Normal isotonic contraction needs about 5 rotations, extreme shortening needs 6 -12 (sliding distance ϭ number of rotations times helix pitch). After the stimulation, the thin filaments are at first quickly turned by the torque of the 4 Z-filaments which are twisted from D to the load-dependent stage (heavy load in D, zero load in A-force is load-dependent). Then-after a region of transition-the tropomyosin torque causes the steady shortening. So ATP-ase activity, which is directly correlated with the shortening speed (73), can remain, while isometric force is near zero (74) . The transition appears as a peak in the velocity curve of shortening (58) .
FURTHER REGULATION OF TORQUE
Strongest torque is produced by the free Z-filament surfaces in stage D. Twisting to B decreases the binding constants for ions, and ions are displaced. Therefore, a prestretched muscle, contracted from F to D, can produce more force than the same muscle contracted from D to B (comp. 75). On the other hand, stretch, e.g., from B to C, means increased active torque, since more ions are bound (rising phase 3 in Fig. 3 ). Both alterations tend to move the system again in the direction of the original stage by a feedback regulation. A similar ion-dependent effect should exist in the thin filaments when the tropomyosin coiled-coils move deeper into the grooves of the helical filament during activation ("tropomyosin shift," 76 -78). Here again ions may be displaced, and the torque is reduced (phase 4 in Fig. 3 ) when tropomyosin is "buried" in the actin filament. These ionic effects in Z-band and thin filament work against each other in the stages A-D (compensation) and add up in the stages D-G, similar as described for the tensile stress forces.
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